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Abstract 
The near field scanning optical microscopy (NSOM) is not only a tool for imaging of 
sub-diffraction limited objects but also a prominent characteristic tool for understanding the 
intrinsic properties of the nanostructures. In order to understand the light-matter interactions in 
the near field regime using NSOM technique with an excitation of 532 nm (2.33 eV), we selected 
an isolated single semiconducting AlGaN nanowire (NW) of diameter ~120 nm grown via vapor 
liquid solid (VLS) mechanism along with metallic Au nanoparticle (NP) catalyst. The role of 
electronic transitions from different native defect related energy states of AlGaN are discussed in 
understanding the NSOM images for the semiconducting NW. The effect of strong surface 
plasmon resonance absorption of excitation laser in the NSOM images for Au NP, involved in 
the VLS growth mechanism of NWs, is also observed.  
Keywords:  light-matter interaction, near field scanning optical microscopy, sub-diffraction limit, 
plasmonics, AlGaN 
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1. Introduction 
The light-matter interaction in the near field regime at the vicinity of nanostructures is a 
very interesting as well as challenging task in the scientific community. The Abbe’s diffraction 
limit prevents conventional optical microscopes to possess a spatial resolution beyond the value 
of  ~λ/2, where λ is the wavelength of excitation light with a maximum numerical aperture value 
of unity for the probing objective [1,2].
 
Thus, even for the visible light of  λ=400 nm cannot 
image nanostructures of size below 200 nm. The near field scanning optical microscopy (NSOM) 
assisted with the help of plasmonics is an unique tool to understand the light-matter interaction in 
the near field regime for optical imaging of nanostructures in the sub-diffraction limit [2-14]. 
The light passing through the metal coated tip of NSOM probe with a circular aperture diameter 
of few nanometers at the apex is capable of surpassing the diffraction limit. In the near field 
regime, the evanescent field emanating from the NSOM probe is not diffraction limited. Hence, 
it facilitates optical and spectroscopic imaging of objects with nanometer spatial resolution 
[6,15,16].
 
The light-matter interaction in metallic nanostructures have opened to a new branch of 
surface plasmon (SP) based photonics, called plasmonics [17]. The SPs are originated due to the 
collective oscillation of the free electrons at a frequency equal to the frequency of quantized 
harmonic oscillation of electrons,p (=(nee
2
/meff0)
½
, where, ne is the density, meff is the effective 
mass, e is the charge of an electron and 0 is the permittivity of free space) about the fixed 
positive charge centers in the surface of metal nanostructures [6,8-10,16]. The coupling of the 
incident electromagnetic waves to the coherent oscillation of free-electron plasma near the metal 
surface is knows as a surface plasmon polariton (SPP) and it is a propagating surface wave at the 
continuous metal-dielectric interface [18,19]. The electromagnetic field perpendicular to the 
metal surface decays exponentially and is known as evanescent waves providing sub-wavelength 
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confinement near to the metal surface [6,17,18]. Matching of the incident excitation frequency 
() of electromagnetic wave with the plasmon frequency (p) of the electrons in metal 
nanostructures, leads to an enhanced light-matter interaction, known as surface plasmon 
resonance (SPR) [6,8,19]. 
The AlGaN is an intrinsically n-type semiconductor and one of the prominent candidate 
among the group III nitride community with wide, direct and tunable bang gap from 3.4 to 6.2 
eV [20,21]. So, the group III nitrides including the ternary alloy of AlGaN nanostructures find 
tremendous applications in short wavelength and high frequency optoelectronic devices 
including light emitting diodes, displays and optical communications [22-24].Therefore, by 
considering the importance of AlGaN nanostructure in the optoelectronic applications as well as 
semiconducting industries, it is also very important to understand the interaction of AlGaN 
nanowire (NW) with the visible light.  
In the present report, we studied the light-matter interaction of an isolated single and 
semiconducting AlGaN NW (diameter ~120 nm) grown via vapor liquid solid (VLS) mechanism 
along with metallic Au nanoparticle (NP) catalysts (diameter ~10-150 nm)  in the near field 
regime by using NSOM technique with a laser excitation of 532 nm (2.33 eV). In order to 
understand the light-matter interaction of AlGaN NW, we invoked the semiconducting band 
picture by analysing the different energy states related to native defects with the help of 
photoluminescence (PL) measurement from a single AlGaN NW. We also studied the effects of 
plasmonics in the NSOM images of Au NPs which is involved in the VLS growth mechanism of 
AlGaN NWs. 
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2. Experimental 
2.1 Synthesis and characterization techniques 
The mono-dispersed AlGaN NWs were synthesized by atmospheric pressure chemical 
vapour deposition (APCVD) technique via VLS growth mechanism using Au NPs as catalysts. 
The detailed growth process is described in our previous report [25]. The morphological features 
were studied using a field emission scanning electron microscope (FESEM, SUPRA 55 Zeiss). 
The structural and crystallographic nature of the AlGaN NW as well as Au-AlGaN NW interface 
was investigated with the help of a high resolution transmission electron microscopy (HRTEM, 
LIBRA 200FE Zeiss) by dispersing the NWs in isopropyl alcohol and transferred to Cu grids.  
To investigate the optical properties, the PL spectra was recorded using a He-Cd UV laser of 
wavelength 325 nm at room temperature (RT) using a 2400 g.mm
−1
 grating as a 
monochromatizer and a thermoelectrically cooled CCD detector in the backscattering geometry 
(inVia; Renishaw, UK). The laser excitations as well as the PL spectra were collected using a 
40× micro-spot objective with a numerical aperture (N.A.) value of 0.50.  
2.2 Experimental setup for light-matter interaction in the near field regime 
The NSOM (MultiView 4000; Nanonics, Israel) imaging of nanostructures was used to 
understand the interaction with 532 nm laser (~ 2.33 eV). The schematic of experimental set up 
is shown in the figure 1. 
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Figure 1. The schematic experimental setup for NSOM imaging of AlGaN NW grown via VLS 
mechanism and Au NPs with the near field excitation and far field collection configuration. 
We used an optical fiber with a circular aperture and metal (Au/Cr) coated probe with a tip apex 
(aperture) diameter of 150 nm for near field excitation of laser light. The optical fiber coated 
with Cr and Au to avoid leakage of optical power, enhanced optical transmission and confining 
the light to the sample surface. The scanning was performed either by using the NSOM probe or 
motorized XY sample stage with very precise special resolution controlled with the help of 
inbuilt sensors and piezo-drivers. A band pass filter (532 nm) was used to extract the excitation 
laser after the light-matter interaction and before reaching the light to the detector in the far field 
configuration. The same probe was used as an atomic force microscopic (AFM) tip for 
simultaneous scanning of the topography along with the NSOM image of the sample with the 
tuning fork feedback mechanism.  
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 3. Results and discussions 
3.1 Morphological and structural analysis 
The morphological shape, size and distribution of mono-dispersed AlGaN NWs are shown in 
the FESEM image (Figure 2). The high resolution FESEM image shows cylindrical shape of the 
NWs with very smooth surface morphology along with Au catalyst NP at the tip (inset in figure 
2). Uniform sized and mono-dispersed NWs with an average diameter of 120 nm were observed.  
The well separated Au NPs, participated in the VLS growth processes of the NWs, were having 
uniform size of 150 nm. The Au NPs with diameter varying in the range of 10-75 nm, which did 
not participate in the growth process, were also found to be distributed over the substrate. 
 
Figure 2. The FESEM images of VLS grown mono-dispersed AlGaN NWs with Au NPs as catalysts. 
Inset shows a typical single AlGaN NW. 
 
The detailed structural analyses of the NWs with nominal presence of Al (discussed in our 
earlier report),[25] and the Au NP-NW interface studies using high resolution transmission 
electron microscopy and selected area electron diffraction (SAED) .  
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Figure  3. (a) The SAED pattern of AlGaN NW with a zone axis of [0001]. The inset showing the portion 
of AlGaN NW used for the SAED analysis. (b) The SAED pattern of Au-AlGaN NW interface. Spots 
with the dotted circles indexed to wurtzite GaN and the spots with the circles indexed to cubic Au. The 
inset showing the Au-AlGaN interface of the NW used for the SAED analysis. (c) The HRTEM image of 
Au-AlGaN NW interface. 
 The SAED pattern (Figure 3(a)) of the single NW (inset figure 3(a)) matches well with 
the wurtzite phase of single crystal GaN with zone axes along [0001]. Moreover, for further 
understanding of the structural details of Au-AlGaN interface, SAED pattern (Figure 3(b)) of the 
tip of single AlGaN NW with Au NP at the apex of the NW (inset figure 3(b)) was analysed.  
The diffraction spots encircled with dotted lines are indexed to wurtzite phase of single crystal 
AlGaN. Similarly, the diffraction spots encircled with line are indexed to cubic phase of Au. A 
HRTEM image of Au NP-NW interface is also shown (Figure 3(c)). An inter-planar spacing of 
2.365 Å, observed for the NP, corresponds to [111] plane of cubic Au phase. Similarly, in case of 
NW region, it shows an inter-planar spacing of 2.775 Å corresponding to [10-10] of AlGaN. So 
the structural analysis confirms presence of AlGaN phase along with the involvement of Au NPs 
in the VLS growth process of mono-dispersed NWs. 
3.2 Near field light-matter interaction for semiconducting AlGaN NW  
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The resultant near field light-matter interaction is shown for AlGaN single NW along with 
Au NPs of various sizes (Figure 4). The high resolution topographic AFM image of the single 
NW in the two-dimension (2D) and 3D (Figures 4(a) and 4(b)) shows smooth and cylindrical 
shape, as observed in the FESEM images, with a diameter of ~ 120 nm. The height variations of 
AFM cantilever along the line across Au NP-AlGaN NW-Au NP show (Figure 4(c)) the height 
of AlGaN NW and Au NP as 120 and 40 nm, respectively.  The NSOM images of AlGaN single 
NW as well as catalyst Au NPs in 2D and 3D are also shown (Figures 4(d) and 4(e)). The NSOM 
imaging for an ensemble of AlGaN NWs shows similar results as observed for the single NW 
(included in the supplemental materials figure S1 available at URL). 
 
 
Figure  4. The topographic (a) 2D and (b) 3D AFM images of a single AlGaN NW along with Au NPs, 
(c) The height variation of AFM cantilever along the line across Au NP-AlGaN NW-Au NP as shown in 
(a) and the corresponding (d) 2D and (e) 3D optical NSOM images of a single AlGaN NW along with Au 
NPs. 
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Since the diameter of AlGaN NW (~ 120 nm) is far below the diffraction limit for the 
excitation wavelength (532 nm), one need to shorten the wavelength down to the sub-diffraction 
regime for obtaining highly resolved optical image. Using metallic coated NSOM probe, it is 
possible to produce an evanescent wave with momentum higher than that of the original 
excitation wavelength 0=2/k0() with wave vector of k0()=/c, where c is the velocity of 
light. Therefore, the evanescent waves emanating from the NSOM probe aperture possess group 
of wave vectors higher than the original excitation laser as kev()=/v, with different velocities 
(v) slower than the excitation wave velocity (v < c). Therefore, the NSOM measurements are 
advantageous to provide super-resolution.  At the same time, it preserves the excitation 
frequency and energy. Thus, it offers the possibility of optical as well as spectroscopic imaging 
in the sub-diffraction regime. So, from the scanned images using NSOM technique, we can 
understand even the intrinsic properties of a sample as revealed by its electronic or vibrational 
energies [2]. By taking this advantage, we used the NSOM technique to understand the 
interaction of green laser (532 nm = 2.33 eV) with single semiconducting AlGaN NW in the 
near-field regime. The reported RT band gap of our AlGaN NWs is 3.53 eV,[25] which is higher 
than the excitation energy of 2.33 eV. Therefore, a complete transmission of light through the 
AlGaN NW is expected. Surprisingly, however we observed a prominent absorption of light 
along the AlGaN NW, as shown in the NSOM images in 2D and 3D (Figures 4(d) and 4(e)). 
For better understanding of the light-matter interaction of AlGaN NW, we recorded PL 
spectrum (Figure 5) in the energy range of 1.7 to 3.85 eV from an ensemble and single NW using 
an UV excitation of 325 nm (~3.85 eV). Distinct PL peaks centered at 3.53, 3.30, 2.05, and 1.76 
eV are observed (Figure 5). 
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Figure 5. The room temperature PL spectrum for (a) an ensemble and (b) a single AlGaN NW with an 
excitation 325 nm (3.85 eV).  
The PL spectrum, recorded for an ensemble as well as single NW using an available visible 
excitation of 514.5 nm (~2.41 eV) which is close to the excitation used in NSOM measurement,  
also shows the similar low energy emission peaks centered at ~2.08, and ~1.77 eV (Figure 6(a)). 
The PL emission at 3.53 eV is reported to originate because of the recombination of free exciton 
(FE) from the conduction band minimum to the valence band maximum,[25] as shown in the 
schematic band-diagram (Figure 6(b)). The emission peak observed at 3.30 eV is because of the 
recombination of the neutral donor-acceptor pair (DAP; D
0
A
0
), with nitrogen vacancy (VN) as 
the shallow donor and Ga vacancy (VGa) as a deep acceptor state [25]. The presence of 
unintentional O dopant in the AlGaN NW may be responsible for the emission at ~2.05 eV 
(Figure 6(b)), which may be observed because of the recombination of electrons from the 
shallow donor state of VN to the holes in the deep acceptor state of ON-VGa complex  [26]. 
Similarly, the presence of unavoidable impurity of C, in the sample, produces the CN-VGa 
11 
 
complex which also may act as a deep acceptor leading to the PL emission peak centered at 1.76 
eV (Figure 6(b)) for recombination of electrons from the shallow donor state of VN, [27,28]. The 
peaks observed at 3.78 and 3.73 eV are assigned to multi-phonon modes of first order, A1(LO) 
and corresponding second order 2A1(LO) Raman modes of wurtzite AlGaN, respectively [1,25]. 
 
Figure  6. (a) The room temperature PL spectrum for (i) an ensemble and (ii) a single AlGaN NW with 
an excitation of 514.5 nm (2.42 eV).  (b) The schematic band diagram of AlGaN NW showing possible 
light-matter interactions and electronic transitions for 532 nm (2.33 eV) excitation. 
The interaction of single AlGaN NW with light in the near-field regime is realized by using 
the help of possible energy levels in the schematic representation of band-diagram (Figure 6(b)). 
Even though, we are using the evanescent wave to image the NW, the energy of the 
electromagnetic field is preserved as 2.33 eV. Therefore, it does not invoke any electronic 
transition for DAP and FE emission at 3.30 and 3.53 eV, respectively, which are well above 2.33 
eV. However, the excitation energy of 2.33 eV is sufficient to activate the transitions at 2.05 and 
1.76 eV. The emissions at 1.76 and 2.05 eV are blocked by the band pass filter used before the 
detector in the NSOM experimental set up (Figure 1). Therefore, the probing light energy is 
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utilized for exciting the defect levels and hence we observe a significant absorption along the 
single NW in the NSOM images (Figures 4(d) and 4(e)). In the same images, we also observed 
strong SPR related absorption for Au NPs. Therefore, we carried out NSOM imaging of Au NP 
for detailed understanding of plasmonic effects, as discussed below. 
3.3 Near field light-matter interaction for metallic Au NP 
We also studied the near field interaction of metallic Au NP with the same visible laser light 
of energy 2.33 eV (Figure 6). The high resolution topographic 2D and 3D AFM images of the 
Au NP (Figures 7(a) and 7(b)) shows smooth and spherical shape of the NP with a diameter of ~ 
100 nm. The resultant NSOM images of catalyst Au NP in 2D and 3D are shown in figures 7(c) 
and 7(d). 
 
Figure 7. (a) 2D and (b) 3D topographic AFM and corresponding (a) 2D and (b) 3D optical NSOM 
images of a typical Au NP. 
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 The NSOM image of Au NP (Figures 7(c) and 7(d)) also shows strong absorption of 
electromagnetic waves, but the mechanism behind the light-matter interaction is entirely 
different from the previous case as in the semiconducting AlGaN NW. However, a significant 
absorption of light with wavelength 532 nm by Au NP is because of the fact that the SPR peak 
value ~550 nm for Au NPs matches the excitation wavelength [8,29,30]. The NSOM 
measurement is also performed for an ensemble of Au NPs showing similar strong SPR 
absorption (included in the supplemental materials figure S2 available at URL). At resonance, 
the incident electromagnetic waves coupled with collective oscillation electrons can produce SPP 
which is perpendicular to the surface of Au NP. The frequency dependent wave vector of SPP 
can be expressed as in terms of frequency dependent dielectric constants of metal (m =m´+ 
im´´) and dielectric (d = 1, for air or vacuum),  
md
md
spp
c
k





.
. Therefore, the effective 
wavelength of the SPP is λspp=2π/kspp [7,10,16,31]. The SPPs with a specific wavelength smaller 
than the excitation can propagate through the surface of Au NPs up to a propagation length 
which depends on the complex dielectric constants of the metal and dielectric medium [6,31]. 
Once the SPP propagates through the surface of Au NP and crosses the metallic region, then the 
electromagnetic wave may decouple from the SPP and it can be converted to a propagating 
wave. The intensity of the absorption is influenced by the frequency dependent poalrizability of 
the Au NPs and it can be vary with respect to the size of the Au NPs [4,29-31].
 
Thus, because of 
the variation of different sizes of the Au NPs, it is possible to observe them with relatively 
different absorption intensities (Figures 4(d) and 4(e)). Apart from the formation of SPP, some 
portion of the absorbed excitation laser may also participate in the lattice phonon generations 
leading to heating as well as inter-band transitions of Au NPs [8,32].  
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4. Conclusions 
We envisage the use of the NSOM technique for understanding the intrinsic 
characteristics of the nanostructures along with the imaging of sub-diffraction limited objects. 
The major achievement of our study is the direct understanding of light-matter interaction of 
semiconducting as well as metallic nanostructures in the near field regime. The isolated single 
and semiconducting AlGaN nanowire with a diameter ~ 120 nm grown via VLS mechanism 
shows a strong absorption of visible light due to the electronic transitions originated from the 
native defect related energy levels. The NSOM images of metallic Au nanoparticle catalyst with 
diameter ~100 nm shows a strong surface plasmon resonance related absorption of excitation 
laser with an energy of 2.33 eV (λ = 532 nm) due to the formation of surface plasmon polaritons 
on the surface of the Au nanoparticles.  
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Figure S1. The topographic (a) 2D and (b) 3D AFM and the corresponding (c) 2D and (d) 3D optical 
NSOM images of an ensemble of AlGaN NWs as well as Au NPs participated in the VLS growth process. 
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Figure S2. The topographic (a) 2D and (b) 3D AFM images of an ensemble of Au NPs. (c) The height 
variation of AFM cantilever along the line across two Au NPs as shown in (a) and the corresponding (d) 
2D and (e) 3D optical NSOM images of an ensemble of Au NPs. 
 
